The availability of nearly 100 years of bathymetric measurements allows the analysis of the morphodynamic evolution of the Dutch Wadden Sea under rising sea level and increasing human constraint. The historically observed roll-over mechanisms of landward barrier and coastline retreat cannot be sustained naturally due to numerous erosion control measures that have fixed the tidal basin and barrier dimensions. Nevertheless, the large continuous sedimentation in the tidal basins (nearly 600 million m 3 ), the retained inlets and the similar channel-shoal characteristics of the basins during the observation period indicate that the Wadden Sea is resilient to anthropogenic influence, and can import sediment volumes even larger than those needed to compensate the present rate of sea-level rise. The largest sedimentation occurs in the Western Wadden Sea, where the influence of human intervention is dominant. The large infilling rates in closed-off channels, and along the basin shoreline, rather than a gradual increase in channel flat heights, render it likely that this sedimentation is primarily a response to the closure of the Zuiderzee and not an adaptation to sea-level rise. Most of the sediments were supplied by the ebb-tidal deltas. It is, however, unlikely that the sediment volume needed to reach a new equilibrium morphology in the Western Wadden Sea can be delivered by the remaining ebb-tidal deltas alone.
Introduction
The Wadden Sea is the world's largest uninterrupted system of tidal flats and barrier islands. Over a period of more than 7000 years a wide variety of barrier islands, channels, sand and mud flats, gullies and salt marshes formed under a temperate climate, rising sea level, and, especially during the last century, human interventions. The geological evolution of the Dutch coast showed that the Holocene Wadden Sea could keep up with relative sealevel rise. Relative sea-level rise caused expansion of the basin, which increased the volume of sediment accommodation space and generated a net landward sediment transport. Erosion of the adjacent shorelines contributed significantly to the sediment supply, leading to landward retreat of the entire barrier-inletbasin system with conservation of its basic characteristics (see e.g. Van Straaten, 1975; Flemming & Davis, 1994) .
In recent times, increasing population density, extensive coastal development and shoreline protection structures such as dykes, seawalls, revetments, groins and jetties have increasingly impacted or constrained the natural dynamics of many coastal systems including the Wadden Sea. sea-level rise is likely to accelerate in the future due to global warming, (e.g., Meehl et al., 2007) . Field observations suggest that some systems remain stable as sediment import, tidal-flat and salt marsh accretion can keep pace with certain rates of relative sea-level rise (Nichols, 1989; Van der Spek & Beets, 1992; Cahoon et al., 2000; Morris et al., 2002; Bartholdy et al. 2007; Madsen et al., 2007) , while other systems degrade and finally drown (Kennish, 2001; Van Wijnen & Bakker, 2001) . It is however uncertain whether, or how, anthropogenic pressure might impede the ability of natural systems, such as the Wadden Sea, to respond to changing conditions in the future, especially in the scope of climate change. Therefore, it is of prime importance to understand both the short-term and long-term dynamics of coastal estuaries and tidal basins under the influence of anthropogenic disturbances and climate change.
The study of the consequences of engineering works on the long-term functioning of inlet systems is a relatively unexplored field of research. In this respect the absence of datasets comprising frequent observations over relevant long time frames plays an important role. In addition, only a few proven predictive methods are available to assess the impact of accelerated sea-level rise on inlet systems. Predictions of shoreline change as proposed by Bruun (1962) and might work along uninterrupted beach/dune coasts, although the assumptions underlying the concept are not supported by oceanographic and geologic evidence (Pilkey et al., 1993) . However, these types of predictions are generally too simplistic to account for complex inlet processes, where ebb-tidal delta, inlet channel and back-barrier basin tend to remain in dynamic equilibrium to the large-scale hydraulic forcing, individually as well as collectively (Dean, 1988; Oost & de Boer, 1994; Stive et al., 1998; . Van Goor et al. (2003) explicitly assume such dynamic equilibrium in order to predict critical rates of sea-level rise for various tidal inlet/basin systems in the Dutch Wadden Sea. Their model needs parameters which ideally should be derived from process-based modeling or measurements (Wang et al., 2007) . Coastal process-based models that contain the necessary physics to account for these complex interactions, like Delft3D (Lesser et al., 2004) , and ROMS (Shchepetkin & McWilliams, 2005) , are only just starting to address morphodynamic changes on relevant long time scales (see examples in Hibma et al., 2003; Marciano et al., 2005; Dastgheib et al., 2008; .
Frequent bathymetric measurements of the Dutch part of the Wadden Sea since the early nineteenth century have resulted in a unique dataset that allows the analysis of its morphodynamic evolution under rising sea level and human constraint. Since 1925/1935 the bathymetric surveys are sufficiently detailed to allow a sediment budget study. Through analysis of the observed morphological changes, we aim to contribute to the general understanding of medium-to long-term tidal inlet/basin morphodynamics. This information can be used to better estimate the potential response to sealevel rise of the Dutch Wadden Sea and similar tidal basin and wetland systems in the German and Danish Wadden Sea and along the east coast of the United States.
Study area

General setting
The Wadden Sea is the world's largest coastal wetland formed by an uninterrupted stretch of tidal flats and barrier islands that span a distance of nearly 500 km along the northern part of the Netherlands and German coast and the North Sea coast of Denmark. The associated barrier islands separate the approximate 10,000 km 2 of tidal flats from the North Sea and contain extensive systems of branching channels, sand and mud flats, and salt marshes. The tidal flats are mainly composed of sand (~90%) and fine-grained muddy sediments (~10%), with decreasing grain size away from the inlet (Van Straaten, 1954; De Glopper, 1967; Nyandwi, 1998; Bartholomä & Flemming, 2007) due to the settling lag effects of suspended sediments (Postma, 1954 (Postma, , 1961 Van Straaten & Kuenen, 1957) . Figure 1 shows the main tidal inlets for the Dutch part of the Wadden Sea. The Dutch inlets consist of relatively large ebb-tidal delta shoals, narrow and deep inlet channels, and extensive systems of branching channels, tidal flats and salt marshes in the back-barrier basins. Two distinct differences in geometry can be observed between the inlets in the western and eastern part of the Dutch Wadden Sea. Firstly, in eastward direction, the coastline orientation changes from south-north to west-east due to the underlying Pleistocene morphology. Secondly, the back-barrier area of the eastern part (Ameland inlet, Frisian inlet, Eems-Dollard flats) is relatively narrow and shallow, with comparatively large tidal-flat areas and small channels; the ratio of intertidal area versus total surface area varies between 0.6 and 0.8 (Stive & Eysink, 1989) . In the western part, the basin is wider and the ratios of intertidal area versus total surface area are 0.3 to 0.4. These latter low values are caused by the large dimensions of the tidal channels that fed the former Zuiderzee and the geologically young age of this part of the Wadden Sea. The construction of the closure dam 'Afsluitdijk' in 1932 separated the shallow Zuiderzee from the active basins, rendering these tidal channels too large for their new function (Elias et al., 2003; Elias & Van der Spek, 2006) .
Mixed-energy environments
Both tides and waves play an important role in shaping and maintaining the Wadden system. In general, following the classification of Davis & Hayes (1984) , the inlets qualify as mixedenergy wave-dominated, even under spring-tide conditions. However, the morphology of the major inlets shows tidedominated characteristics such as a large ebb-tidal delta and deep entrance channels. These result from large tidal prisms and relatively low wave energy (Davis & Hayes, 1984) . On the ebb-tidal deltas, waves redistribute the sediments and contribute to the sediment bypassing mechanism (FitzGerald, 1988; Sha, 1989) . The wave climate consists mainly of local windgenerated waves in the shallow North Sea basin. The mean significant wave height is 1.3 m from the west-southwest, with a corresponding mean wave period of 5 seconds (Roskam, 1988; Wijnberg, 1995) . During storms, wind-generated waves occasionally reach heights of over 6 m and additional waterlevel surges of more than 2 m have been measured. North Sea tides are driven by the tidal (Kelvin) waves entering from the Atlantic Ocean between Scotland and Norway in the north, and through the Dover Strait in the south. Interference of these two waves, distortion due to Coriolis effects and bottom friction generates a complicated tidal flow pattern in the southern part of the North Sea (Pugh, 2004) . The tides spin in a whirl with anti-clockwise rotation around 2 central (amphidromic) points. At the amphidromic point the tidal amplitude is zero and the tidal range increases with distance to the amphidromic point. Along the Dutch coast a combination of a standing and progressive tidal wave propagates from south to north, thereby generating maximum shore parallel tidal velocities in the range of 0.5 to 1.0 m/s. Near Texel inlet this northward-travelling tidal wave meets a second eastward travelling tidal wave, and the combined waves propagate from the west to east along the Wadden Sea Islands and into the basins. The mean tidal range thereby increases from 1.4 m at Den Helder to 2.5 m in the Ems estuary (EemsDollard Inlet) and increases even further along the German Wadden coast.
The tidal processes of flooding and draining are the driving force for the fractal channel patterns in the basin (Cleveringa & Oost, 1999; Marciano et al., 2005) . Facing the inlet mouths are bulky ebb-tidal deltas that are maintained by the large sediment transport capacity of the tidal currents in the inlets. Tidal divides between the basins are formed where the tidal waves travelling through two adjacent inlets meet and sedimentation due to near-zero velocities results in tidal-flat formation (Fig. 1) . These tidal divides are often considered to form the boundaries of the separate inlet systems and are located somewhat eastward of the center of the barrier islands due to the amplitude differences between the neighboring inlets (Wang et al., 2011) and the prevailing eastward wind direction (FitzGerald, 1996) .
Supply of fresh water and sediment by rivers to the Dutch Wadden Sea is limited, and dominated by discharges from Lake 'IJsselmeer' through drainage sluices in the closure dam Afsluitdijk. Even though discharge volumes are minor relative to the inlets tidal fluxes (year averaged 450 m 3 /s), density gradients due to salinity and temperature might play an important role in the sediment exchanges through the inlets (Elias et al., 2005; Burchard et al., 2008) . 0.35-0.85 m by the end of the 21 st century, and 2 to 4 m by 2200 (Katsman et al., 2009 ). In addition, sea-floor subsidence due to glacial isostacy and compaction adds 0.10 m till 2100. Locally, in the eastern part of the Dutch Wadden Sea, an extra subsidence of 0.32 m by 2050 due to gas extraction is expected (Hoeksema et al., 2004) .
Valuable lessons on the effects of sea-level rise on the natural system can be learned from the past, as the formation and subsequent evolution of tidal basins under the influence of rising sea levels largely determined the Holocene evolution of the Dutch coast (Zagwijn, 1986; Van der Spek, 1994; Beets & Van der Spek, 2000; De Mulder et al., 2003; ) . Several cycles of marine ingression and subsequent basin sedimentation, and sufficient sediment supply to retain or even prograde the coastline due to the presence of major sediment sources, finally filled in the entire western part of the Dutch coastal plain. Van der Spek (1994) summarises: rising sea levels and/or landsurface subsidence create storage potential in the coastal plain, leading to ingression by the sea. Available accommodation space induces net landward sediment transport and basin infilling. The supply of sediment determines the coastal evolution. An abundant supply will lead to infilling of the basins and even progradation of the coast (Nichols, 1989) . A deficient sediment supply will prevent infilling of the basins and will lead to landward shift of the coastal system with relative sea-level rise. Part of the sediments is delivered by the barriers and coasts adjacent to the tidal inlet, which leads to retreat of the coastline. Sediment supply along the Wadden Sea was sufficient to retain the extensive systems of tidal flats and salt marshes over the past 7000 years, but insufficient to fill in the basin completely (see e.g., Van der Molen & Van Dijck, 2000) . The major anthropogenic influences since human settlement might just have changed the natural dynamics.
Recent history of the Western Wadden Sea
The rise in sea level led to gradual flooding of the Pleistocene high in the present-day Western Wadden Sea, leading to expansion of this part of the tidal basin and finally a connection to an inland lake area (Lake Flevo, the precursor of Zuiderzee). Thus Vlie inlet was formed around 2000 years ago.
Subsidence of the surface level, both natural and man-induced due to excavation and drainage of low-lying peat areas bordering the inlet's initial basin for agricultural use, added to this (Schoorl, 1973; Westenberg, 1974; Pons & Van Oosten, 1974; Eisma & Wolff, 1980) . By 800 AD the peat landscape had changed into an intertidal area (Vos et al., 2011) . Texel inlet is believed to have evolved from a small, local drainage channel that also connected to the inland Zuiderzee around the 12 th century AD after a series of severe storm events (Schoorl, 1973; Hallewas 1984). Connection to the inland Zuiderzee increased the tidal prisms of the Vlie and Marsdiep inlets, which subsequently became the largest inlets in the Dutch Wadden Sea.
Human interventions gradually started to influence the Wadden Sea evolution from the Middle Ages onward. Dyke construction began around the 10 th century, and several formerly flooded areas such as the Middelzee between the 10 th and 13 th century (Van der Spek, 1995) , the Lauwerszee since the 13 th century (Oost, 1995) and parts of the Ems-Dollard estuary were (partly) filled in or reclaimed. Smaller scale dykes were constructed since 1000 AD to locally protect villages and reclaimed lands. These early dykes were low and near decadal large-scale flooding occurred (e.g., 1675 , 1686 , 1697 , 1717 , 1825 . Dyke building intensified in the 16 th century by adding wooden pilings and groins and increasing dimensions. Figure 3 illustrates the western part of the Wadden Sea at that time. Catastrophic flooding by a storm surge in 1916 triggered the largest intervention ever in the Wadden Sea, complete closure of the Zuiderzee (see Fig. 1 for location). The closure dam Afsluitdijk was completed in 1932. Major flooding in 1953 lead to the additional, smaller scale, closure of the Lauwerszee, that was completed in 1969 ( Fig. 1) . The reduced basin dimensions after the closures of the Zuiderzee and Lauwerszee, in combination with dykes protecting the remainder of the mainland, formed the Wadden Sea as we know it today (Biegel & Hoekstra, 1995; Oost, 1995; Elias & Van der Spek, 2006) .
In addition to basin constrictions, the natural evolution and movement of the seaward barrier islands was increasingly limited by reinforcing existing dunes, island tip protections (e.g., seawalls, jetties and groins) and sand nourishments. Already in the early 17 th century, defensive works in the form of wooden groins and under-water willow mattresses were placed at the tip of North Holland to retard the erosion caused by migration and expansion of Marsdiep inlet, and to protect the toe of the dykes (Schoorl, 1973; Elias & Van der Spek, 2006) . It was not until the 18th century before the continuous scouring of this updrift embankment was permanently halted by the construction of stone revetments, predecessors of what is now known as Helderse Zeewering. Similarly, smaller-scale protections were placed at the updrift island tips of the Eierlandse Gat, Vlie inlet and Ameland inlet during the last century (summarised by Cleveringa et al., 2004) .
Since 1990, the Dynamic Preservation policy prescribes that the North-Sea coastlines of the barrier islands may not retreat landward of a reference line that is based on their 1990 position (Van Koningsveld & Mulder, 2004) . Coastline retreat is counterbalanced mainly by sand nourishments to mitigate structural erosion. This maintenance strategy, in combination with the island tip protections, effectively keeps the barrier islands in place.
Methods
The evolution of the western part of the Dutch Wadden Sea since the 15 th century is well documented due to the presence of harbors such as Kampen and Amsterdam and their approach channels leading through the Wadden Sea into the Zuiderzee, while the Wadden Sea behind the islands of Texel and Terschelling was a protected roadstead frequented by large sailing vessels. Nautical and hydrographical charts describing the location and depth of the main channels and shoals in the inlet system date back to the 16 th century AD (Rijzewijk, 1986) . Historic reconstructions of Wadden-Sea morphology are presented by Schoorl (1973; 2000a, b, c) for the entire western Dutch Wadden Sea, by Elias & Van der Spek (2006) for the Texel Inlet, and by Oost (1995) for Ameland and Frisian Inlets. Detailed descriptions of the palaeogeographical evolution of the Dutch coastline are given in e.g., Beets & Van der Spek (2000), Vos et al. (2011) and Zagwijn (1986) . Basis of the present study is a series of bathymetric datasets, starting from 1925-1935, that measurement errors, data are combined with nearshore coastline measurements, interpolated to a 20 × 20 m grid, and stored digitally as 10 × 12.5 km blocks called 'Vaklodingen' (Fig. 4) . Data collected prior to 1987 were originally released as paper maps and digitised in 250 × 250 m resolution for the Western Wadden Sea in the 1990's. Extensive descriptions of the measurements and conversion to complete maps are documented in e.g. Rakhorst (1986) , Glim et al. (1988; ), De Boer et al. (1991 , and summarised by De Kruif (2001) . Maps for the Frisian Inlet were constructed during the Coastal Genesis (Kustgenese) project and stored in approximately 90 × 90 m resolution (Oost, 1995) .
Changes in survey techniques and instruments, and variations in correction and registration methods during the measurements over time make it difficult to estimate the exact accuracy of the maps. Wiegmann et al. (2005) and Perluka et al. (2006) estimate the vertical accuracy to range between 0.11-0.40 m. However, close scrutiny of the data showed data outliers and inconsistencies in a minor part of the dataset beyond this range. A number of steps were taken to ensure as accurate as possible estimates of the sedimentation-erosion volumes presented in this study: 1) for each 'Vaklodingen' block a sequence of raw data maps were compiled for the available years; 2) each individual map in the sequence was visually inspected and missing single data points were corrected by triangular spatial interpolation and data outliers were removed; 3) incomplete datasets were filled in using a linear interpolation between nearest in time available datasets (larger gaps) or using internal diffusion from the nearest spatial points. 1935 b. Texel Inlet; c. Eierlandse Gat Inlet; d. Vlie Inlet; e. Ameland Inlet; and f. Friesche Zeegat Inlet (Frisian Inlet) .
by subtracting subsequent measurements; and 5) the sequences of sedimentation-erosion maps were inspected and maps with unrealistic trends in basin or ebb-tidal delta changes were deleted. In total approximately 10% of all data were reanalysed and corrected or deleted. Following construction, inspection and correction of the individual data sets, yearly maps for the period 1935-2005 were generated by linear interpolation between the available datasets. Since the yearly data are interpolated on the same grid, a straightforward subtraction of the datasets with a set starting year (1990) provides the sedimentation-erosion values (Fig. 5) . The year 1990 is chosen as this is the first complete, representative map in 20 × 20 m resolution, and the official starting year of the dynamic coastline preservation policy (Van Koningsveld & Mulder, 2004) . The calculated volumes were corrected per year for dredging, dumping and sand mining, based on the volumes presented in Hoogervoorst (2005) , and updated with sand nourishment volumes up to present (Table 1) . The most eastern part of the Dutch Wadden Sea, the Ems-Dollard estuary is not included in the sediment budget analysis due to the limited data availability.
Analyses and Results
The Dutch Wadden Sea system Figure 6 illustrates that on the gross scale little has changed in major inlet characteristics between the 1935 and 2005 bathymetry: 1. The six major inlets remain present, although the locations of the tidal divides separating the associated tidal basins in general shifted eastward. Similar eastward migration of tidal divides was observed in the German Wadden Sea and attributed to the predominant eastward wind direction (FitzGerald & Penland, 1987) . Additionally, changes in tidal characteristics in the individual inlets might also have contributed. Wang et al. (2011) point to the importance of the relative tidal amplitude difference between neighboring inlets for the tidal divide location. Measurements at the tidal divide behind Ameland Island provide evidence for a significant eastward residual flow due to both tides and wind (De Boer et al., 1991) . 2. Each inlet still consists of similar morphodynamic elements such as large ebb-tidal deltas. This in spite of the fact that the ebb-tidal delta volumes decreased and the delta margins moved landward. These deltas are connected by single or multiple inlet channels to the basin. The channels in the basin (with the exception of Texel) form a fractal pattern. 3. The distinct difference in intertidal shoal area between the Eastern and Western Wadden Sea remains present. Only about 25% of the surface area of the back-barrier basin of Texel Inlet consists of intertidal flats as a consequence of the large tidal channels that existed here before the closure of the Zuiderzee, whereas the basins related to the Ameland and Frisian Inlets include about 50% and over 70% tidal flats, respectively. This difference can partly be explained by the difference in size of the basins (Renger & Partenscky, 1974) .
Although the gross-scale characteristics remain comparable, large volume changes and local morphological alterations have taken place. Corrected for dredging and dumping, a volume of nearly 600 million m 3 of sediment accumulated in the Dutch Wadden Sea basins over the period 1935-2005, of which the largest part, over 500 million m 3 , between 1935 and 1990 ( Table 2 ). The yearly sedimentation rate over this period was 9.4 million m 3 per year. Roughly half of the sediments were deposited in the Texel Inlet basin (Table 3) . Over the period 1990-2005 the sedimentation rate dropped to 3.6 million m 3 per year. The sandy sediments were predominantly supplied by erosion of the ebb-tidal deltas, the barrier islands and the adjacent shore of North-Holland (Fig. 6) . The following subsections present details on individual inlet systems.
Texel and Vlie Inlet
The morphodynamic changes in the western part of the Wadden Sea are largely dictated by adaptation to the effects of closure of the Zuiderzee (Sha, 1990; Elias et al., 2003; Elias & Van der Spek, 2006) . The closure dam Afsluitdijk reduced the Texel and Vlie basins from over 4000 km 2 to roughly 1400 km 2 . The change in tidal characteristics from a propagating to a standing tidal wave and the greater tidal wave reflection at the closure dam drastically increased the tidal range from approximately 1.1 to 1.4 m at Den Helder tidal station (Rietveld, 1962; Thijsse, 1972; Elias et al., 2003) . The large changes in basin hydrodynamics and geometry resulted in pronounced changes in the morphodynamic evolution of the remaining basin. Over 450 million m 3 of sediment accumulated in the basins of the Texel and Vlie inlets (Table 2) . Extensive sedimentation occurred in the distal parts of the former access channels to the Zuiderzee, where tidal currents reduced to almost zero and caused the channels to accrete rapidly, and on the shoal areas along the Frisian coast (Fig. 6) . Berger et al. (1987) showed that much of the initial infill of the closed-off channels consists of alternating layers of more sandy and more muddy sediments. The accumulation of fine-grained sediment might explain the observed discrepancy between the larger basin-infilling rates compared to the ebb-tidal delta and coastal erosion (predominantly sand) after the closure. Nearly 300 million m 3 of sand was eroded from the Texel ebb-tidal delta and adjacent coasts ( Fig. 5 and 6) . A major part of the eroded volume (130 million m 3 ) was delivered by the erosion of the ebb-tidal delta margin, and scouring of large tidal channels in a southward direction (Elias et al., 2003; Elias & Van der Spek, 2006) . The stable position of the inlet channel is due to Helderse Zeewering (a stone seawall protecting the tip of North Holland). The closure induced relocation of the main tidal channels on the ebb-tidal delta Schulpengat and Nieuwe Schulpengat, and the northward and southward outbuilding of the ebb-tidal delta, took about 40 years to complete. The changes in ebb-tidal delta morphology had large consequences for the coastal maintenance of the adjacent coastal sections (Fig. 7) . Major erosion was encountered at the location of the new main channels (70 million m 3 ) and the adjacent coastal sections structurally retreated. The erosion and coastline retreat result from the presence of the large nearshore tidal channels. These channels capture a large amount of the littoral drift, limiting sediment bypassing and beach recovery (Elias & Van der Spek, 2006) . Maintenance of the stretches of coast along Texel Inlet belongs to the most intensive of the entire Dutch coastal system (Roelse, 2002; Cleveringa et al., 2004; Hoogervoorst, 2005) . In contrast to the updrift relocation of the main channels, the main shoal area to the northwest of these channels predominantly migrated landward, increasing the height of the Noorderhaaks shoal (Fig. 7) , and forming a large northward (downdrift) spit. The wave-driven landward movement of this spit forces the flood-dominated Molengat channel against the Texel coast. This contributes to the structural erosion of this part of the island. An exception is the utmost southern island tip 'the Hors' which increases in size (Ballarini et al., 2003) . Increased wavedriven transports on the higher shoals and the presence of large tidal channels allows for efficient sediment transport into the basin. This explains the continued high sediment import rates.
A linear erosion trend with erosion rates of 2 million m 3 /yr (Table 2) dominated the Vlie ebb-tidal delta up to 2005 (Fig. 5) . Prior to the closure of the Zuiderzee, Vlie Inlet consisted of a centrally located main ebb channel and two smaller flood channels along the island shores (Fig. 8) . The ebb-tidal delta extended 10 km seaward and roughly 10 and 15 km along the Vlieland and Terschelling coasts, respectively. The bulk of the ebb-tidal delta deposits was located north (downdrift) of the main ebb channel. Analysis of historic maps (Joustra, 1973) points to 'outer channel shifting' as main sediment bypassing mechanism (see FitzGerald et al., 2000 for a mechanism description). The sequence of shoals and smaller channels on top of the downdrift ebb-tidal delta platform illustrates various stages of the bypassing sequence (see Figure 8 , 1933 bathymetry). These shoals migrate northward and eventually merge with the Terschelling coast roughly fifteen kilometres downdrift of the inlet. Large morphodynamic changes are observed on the ebb-tidal delta since the closure of the Zuiderzee (Fig. 8) . The central part of the inlet remained stable in position, the distal part of the main ebb channel rotated in a more updrift direction, increasing in size and depth. This updrift rotation disrupted the outer-channel shifting mechanism for sediment bypassing. The sediment-starved downdrift part of the ebb-tidal delta rapidly migrated onshore and increased in height. In the period 1933-2002 the shoal area (roughly bounded by the 15 m depth contour) decreased from 140 km 2 to 112 km 2 , a reduction of 20%. The smaller flood-dominant channel extending along the northwestern tip of Terschelling, prevented the ebb-tidal delta shoals to directly attach and merge with the coastline. Approximately 10 km updrift of the inlet, accretion prevailed as the relic shoal complexes attached and merged with the Vlieland coastline. At the island tip severe erosion occurred due to the landward migration and increasing depth of the marginal flood channel.
The notably smaller erosion values of the Vlie ebb-tidal delta since 1935 (2 million m 3 /yr), compared to the observed sedimentation in its tidal basin (3 million m 3 /yr), render it likely that much of the deposited sediments are supplied by the Texel Inlet system. The two inlet systems are coupled and cannot be analysed separately.
Eierlandse Gat Inlet
With a basin surface area of 153 km 2 Eierlandse Gat Inlet is only a small system compared to Texel Inlet and Vlie Inlet. the Dutch Wadden Sea, with nourishments starting as early as in 1979. Despite these nourishments, the inlet has a negative sediment budget since 1935 (Table 2) , with a strong erosion of 2.9 mm per year averaged over the basin between 1935 and 1990. This erosion is likely related to the hydraulic changes caused by the closure of the Zuiderzee. The erosion of Texel Island must have been increased by the latter, although the islands coastline retreat has been an ongoing process since the separate islands of Texel and Eierland were connected by construction of a sand dyke in 1629 (Schoorl, 2000a) . This sediment loss is attributed to the strong curvature of the islands coastline that causes a divergence in the longshore sediment transports (Rakhorst, 1999) . At the island tips, migrating channels periodically induce severe erosion as channels scour and sediment supply by ebb-currents fluctuate with channel orientations and positions.
A long history of erosion control measures exists. The major interventions are the reinforcement of the island tips with stone seawall-groin systems in 1948 and 1956. These structures were effective in keeping the island tips in place, but severe updrift coastal erosion continued, making periodic nourishments necessary. Between 1979 and 1995 over 11 million m 3 of sand was placed on the updrift beaches (Hoogervoorst, 2005 ). An 800 m long shore-normal stone dam constructed in 1995 just south of the inlet reduced maintenance nourishments drastically from 660,000 to 270,000 m 3 /yr (De Kok, 2005) , and a wide beach accreted just south and north of the dam (Fig. 9) . The Eierlandse Gat Dam shows that a strategically placed hard construction can (at least temporarily) help mitigate island tip erosion. However, since 2008 the Texel coastline is eroding severely again 1 to 2 km south of the dam. A point of concern is the present development and attachment of the inlet channel to the scour hole at the tip of the dam, possibly changing the inlet channel dynamics and undermining the dam and island tip stability.
Ameland Inlet
Cyclic development of channel and shoal patterns governs the bathymetric changes of Ameland Inlet (Van der Spek & Noorbergen, 1992; Israel & Dunsbergen, 1999; Cleveringa et al. 2005; Cheung et al., 2007) . Based on the analysis of historic datasets (early 19 th century -1997), these authors point to a cyclic evolution of the channels and shoals on the ebb-tidal delta with a period of 50 to 60 year. The stage within this cycle determines whether erosion or sedimentation occurs along the adjacent island tips. The morphodynamic evolution between 1933 and 2005 includes sediment redistribution from the updrift to the downdrift part (Fig. 10) . By 1989 the channel had split into a two-channel system with the main channel hugging the western end of Ameland, inducing severe local erosion and restoring the necessity of hard and soft maintenance efforts. the 1940's. The first stone revetments were placed in 1947, followed in 1979 by an along-shore stone dam and groin system and periodic sand nourishments of the island. These nourishments continue till present day.
At the Ameland coastline, a large wave-built bar migrated onshore and formed a spit system called Bornrif (Fig. 10) . Bornrif attached to the coast between 1968 and 1998, temporary inducing substantial local erosion and accretion. Presently, a marginal channel appears to have developed again at the former location of Bornrif, while the Bornrif sediment is redistributed eastward as a spit along the coast of Ameland by littoral drift (Fig. 10) . The basin is governed by sediment deposition (56 million m 3 between 1935 and 2005) and channelshoal migration (Fig. 10; 1927 and 1975) . Sediments are likely supplied by Vlie Inlet as deposition primarily occurs near the Vlie-Ameland tidal divide (Elias, 2006) . The changed hydrodynamics in the Western Wadden Sea after the closure of the Zuiderzee might have contributed to the eastward displacement of the Ameland tidal divide. Migration of the Terschelling tidal divide has been an ongoing long-term trend related to the earlier siltation of the Middelzee estuary around 1300 AD (Van der Spek, 1995).
Frisian Inlet
The supra-tidal shoal (Engelmansplaat) separates the two main inlet channels Pinkegat and Zoutkamperlaag that form the Frisian inlet and share a common ebb-tidal delta (Fig. 11) . Before the closure of the Lauwerszee in 1969, both Pinkegat and Zoutkamperlaag displayed a cyclic alteration between single and double channel configurations (Biegel, 1993; Oost, 1995) . Similar to the effects of the Zuiderzee closure, the Frisian Inlet underwent significant morphodynamic changes such as increased infilling of the basin and eastward realignment of the basin channel in response to closure of the Lauwerszee. Upon the completion of the closure dam in 1969, approximately 30% of the surface area of the former basin was dammed off. The closure caused a considerable reduction in tidal prism from 306 million m 3 to 200 million m 3 , which induced major morphological changes both in the basin and at the ebb-tidal delta as the inlet started to evolve to a new state of dynamic equilibrium. The pre-closure ebb-tidal delta size and the originally seaward extending main channel could not be maintained by the reduced tidal currents. Wave-driven onshore transports induced erosion especially on the ebb-tidal delta front, contributing to sediment transport onto the coast and into the inlet channel and backbarrier basin. Initially, the ebb-tidal delta volume did not change drastically as much sediment was retained by formation of a large curved bar downdrift of the main channel (see situation 1989 in Fig. 11 ) that finally attached to the coast. The infilling of the back-barrier basin was augmented by the deposition of large volumes of mud in the Zoutkamperlaag channel (Oost, 1995; Van Ledden, 2003, chapter. 6) Netherlands Journal of Geosciences -Geologie en Mijnbouw | 91 -3 | 2012 304 Fig. 11. Detailed development of Frisian Inlet 1927 -2002 The Pinkegat channel shows a cyclic development from a single main channel to multiple channels and back (Van der Spek & Noorbergen, 1992; Oost, 1995) . Cycle lengths historically varied between 20 to 40 years. After the closure, cyclic develop ments continued. The years 1927 and 1989 in Fig. 11 illustrate a single channel configuration (phase 1 of the cycle). The single channel migrates to the east due to the net eastward littoral drift and sand accumulation at the island tip. A multiple channel system is formed by breaching of these spit deposits (Fig. 11, 1967) . The steeper hydraulic gradient between basin and sea favors the development of shorter channels by breaching of the spit, leading to abandonment of the initial main channel (Van Veen, 1936) . Figure 11 illustrates a mid-cycle morphology with 2 major channels in 2002. The above described cycle length between 1927 and 1989 might be related to effects of the closure. Since 1989 a second cycle with a shorter period can be observed with an expected length of 20 to 30 years.
Prior to closure of the Lauwerszee, basin and inlet portions of Zoutkamperlaag were fairly stable in depth and position (Fig. 11, 1927 (Fig. 11, -1967 . On the ebb-tidal delta, the distal part of the channel and neighboring shoals exhibited periodic eastward migration, and westward realignment as hydraulic efficiency decreased. The wave-driven shoal migration pushed the channels landward, causing them to become increasingly curved and inefficient, and finally leading to total abandonment. The shoals eventually attached to and merged with the Schiermonnikoog coastline. Intervals of erosion and sedimentation dominate the coastline depending on the stage of bar development versus channel development. After the closure, the reduction in tidal prism induced morphological changes that were governed by reworking of the excess volume of ebb-tidal delta deposits. An abundant wave-driven supply of ebb-tidal delta sand formed a large curved bar complex which migrated towards, and finally merged with the island coast. Initially, the shoal merger increased the sand volume and expanded the Schiermonnikoog island tip seaward and basinward, but nowadays severe erosion prevails as the merged deposits are being reworked. After the closure, migration of the Zoutkamperlaag was not observed. The central part of the channel remained in position, with the distal part oriented updrift. The channel however reduced considerably in size and seaward extent. It is likely that the shoal complex that forms updrift of the channel will eventually initiate a cyclic development as observed prior to the closure. Erosion of the western end of Schiermonnikoog Island is expected to prevail until a new shoal attaches and merges to the coastline. The smaller ebb-tidal delta renders it likely that shoals of smaller volume will attach and merge closer to the inlet.
In the basin, increased sedimentation caused deposition of nearly 70 million m 3 of sediments between 1969 and 1985. As a result the average sedimentation rate over the period reached an average value of 8.25 mm per year, the highest rate of all basins in the Dutch Wadden Sea (Table 3) . Most of these sediments accumulated at the closed-off entrance channel to the Lauwerszee, partly filling in the channel, see Oost (1995 ) en Van Ledden (2003 . The channel also aligned and extended eastward along the closure dam. This eastward channel extension, together with changes in tidal wave propagation, shifted the hydrodynamic and morphologic tidal divide 3-4 km to the east between 1979 and 1987 (Oost, 1995 . Since 1985 the sedimentation rates in the basin are comparable to the pre-closure rates, indicating that the major part of the morphological adaptation was completed.
Groninger Wad and Ems-Dollard
To the east of the Frisian Inlet, between the island of Schiermonnikoog and the Ems-Dollard estuary, several smallscale inlets (see Fig. 1 from west to east: Eilanderbalg, Lauwers and Schildt) are bounding the small, uninhabited barrier islands Rottumerplaat and Rottumeroog. For a large part the historic evolution of the Ems-Dollard, a combination of the Ems estuary and a connected tidal basin, the Dollard, determined the morphodynamic response of the area. The Ems-Dollard estuary reached its maximum extent around 1520, after rapid expansion of a tributary of the Ems which created the Dollard tidal basin. Natural sedimentation and land reclamation have reduced the size of the estuary ever since. In the Dollard tidal basin, land reclamation occurred till the 1950's. The channels of the EmsDollard have remained stable in position, partly due to dredging since the 1920's. From the 1960's onwards, large-scale dredging, canalisation and channel deepening formed a one main-channel system and considerably altered the tidal characteristics (larger tidal prisms, tidal asymmetry and velocities), while dumping of the dredge material increased fine-sediment concentrations (Boon et al., 2002; Cleveringa, 2008) . In terms of sediment budget, dredging (roughly 10 million m 3 /yr) has limited effect on the total volume of Ems-Dollard, as dredged material is dumped back into the system.
On the Groninger Wad volume changes are relative small. Most pronounced changes are the eastward expansion of Schiermonnikoog and the associated migration of the Eilanderbalg and Lauwers Inlet (Fig. 6) . The eastward migrating Lauwers Inlet has become the dominant basin, taking over basin area from Schildt due to the continuous eastward expansion. The eastward expansion of Zoutkamperlaag captured some of the Eilanderbalg basin after closure of the Lauwerszee in 1969, see Fig. 11 .
A detailed sediment budget and morphological analysis for the Ems-Dollard estuary and Groninger wad is presented in Cleveringa et al. (2008) . The average sediment accumulation in the Ems-Dollard estuary was estimated at 4.7 million m 3 /yr over the period [1985] [1986] [1987] [1988] [1989] [1990] [1991] [1992] [1993] [1994] [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] (no older data are available). Erosion prevailed in the Ems mouth (-10 million m 3 ). Average sediment accumulation in the Groninger Wad was estimated at 0.09 million m 3 /yr. The sediment budget is influenced by the significant land subsidence caused by gas extraction from the Slochteren gas field, one of the largest gas fields in the world, which affects both the Groninger Wad and the Ems-Dollard estuary. The extra volume created by subsidence was apparently instantaneously filled with sediment since no morphological changes other than those caused by normal hydraulic processes were observed. The volume increase is estimated at ca 26 million m 3 between 960 and 2003 (Vonhögen, personal communication).
Summary of the observed developments
On a time scale of decades to centuries the development of the individual inlet systems is governed by (partial) basin infilling and artificial closures: Lauwerszee (Frisian Inlet) and Zuiderzee (Vlie Inlet and Texel Inlet). After closure of the Lauwerszee, Frisian Inlet obtained a new, similar, equilibrium state with reduced ebb-tidal delta that is connected by one or multiple main inlet channels to a fractal, eastward curving pattern of channels in the basin. Ratios of intertidal area versus total surface area vary between 0.6 and 0.8. The large-scale closure of the Zuiderzee dominated the morphological evolution of the Western Wadden Sea as over 400 million m 3 of sediment accumu lated in the Western Wadden Sea. The near similar erosion of the adjacent coasts indicates that the majority of the sediment deposition in the basin is fed by sand supply from the adjacent North Holland coast, barrier island coasts and in particular the ebb-tidal deltas. An analysis of all major ebb-tidal delta systems in the Dutch Wadden Sea illustrates a landward retreat of the outer rim of the deltas and rapidly diminishing volumes. The observed updrift rotation of the main ebb-tidal delta channels is identified as a common and important factor. Ebb-tidal delta volume and shape are known to relate to the forcing conditions and ebb shoals are formed where supply of sediment by the ebb-tidal currents and landward wave-driven transports are balanced. Updrift rotation of the main ebb channel disrupts this balance and new updrift-located shoals are formed. The relic shoal deposits are rapidly reworked by abundant wave energy and are transported landward, into the basin and onto the adjacent downdrift coasts, at least temporarily relieving erosion stresses.
Discussion and Concluding remarks
Discussion
This sediment budget study indicates that over the period 1935-2005 an abundant sediment supply, primarily by eroding ebb-tidal deltas, has so far delivered sufficient sediment to increase the sediment volume in the Dutch Wadden Sea with about 600 million m 3 . This concerns the deposition of both sand and mud. The sedimentation is triggered by several developments, the most obvious development being the morphodynamic adaptation of the system to anthropogenic action such as caused by e.g. the large-scale closures of Zuiderzee and Lauwerszee. Additionally, sea-level rise and subsidence due to gas extraction must have played a role. Measurements of sea levels in the Dutch Wadden Sea illustrate an average rise of 2 mm per year over the last 70 years (Fig. 2) . Expected morphological adaptation to sea-level rise such as an increase in tidal-flat level, are not clear from the bathymetrical changes. This is probably caused by inaccuracies in the surveying techniques, especially in the measurements from the early 20 th century. Complete compensation of this sea-level rise of 0.14 m would have taken a sediment volume of ca 280 million m 3 (total basin surface area of 2000 km 3 , see Fig. 2 ). However, the largest part (nearly 75%) of the volume change occurs in the Western Wadden Sea where the influence of human intervention is dominant and the large infilling rates in closed-off channels, and along the basin shoreline (see Fig. 6 ), rather than a gradual increase in channel flat heights, render it likely that this sedimentation is primarily a response to the closure of Zuiderzee and not an adaptation to sea-level rise.
Subsidence due to, amongst other things, gas extraction in the basins of Vlie Inlet, Frisian Inlet and at the Groninger Wad and Ems-Dollard, will have created an extra increase in water volume in the tidal basins and along the North Sea coast of Ameland. This increase is estimated at 38 million m 3 over the period 1980-2003 for the Dutch Wadden Sea (Vonhögen, personal communication). However, since no morphological changes of the sea bed have been observed in the areas of subsidence, we assume that this increase in space has instantaneously been filled in with imported sand. This adds an extra 7% to the calculated volume of sedimentation.
Despite major sedimentation, the large difference in intertidal shoal to basin area ratios between the Western (0.3-0.4) and the Eastern Wadden Sea (0.6-0.8) might be an indication of the disequilibrium in the Western Wadden Sea, given that a similar forcing regime exists. Assuming that the eastern Wadden Sea is in or close to equilibrium, a large volume of sediment is needed to obtain a 0.6-0.8 intertidal shoal to basin area ratio in the Western Wadden Sea. If we assume a hypsometry similar to the Eastern Wadden Sea then 900 million m 3 of sediments are needed. It is however questionable whether such hypsometry fits the present tidal characteristics of Marsdiep with its long and deep basin. Wang et al. (2011) estimates, starting from basic empirical relations for inter-tidal flat area and height (Renger & Partenscky, 1974; Eysink & Biegel, 1993) , that in worst case the sediment demand of the Western Wadden Sea exceeds 1.5 billion m3. Accelerated sea-level rise makes this equilibrium channel-shoal ratio even harder to reach.
In recent history, numerous smaller-scale coastal interventions have been performed in and around the Wadden Sea. To prevent flooding of the hinterland most of the basin coastline was stabilised with dykes and salt-marsh formation was stimulated with small-scale engineering works. On the barriers, island tip protections such as groins and sea-walls and since 1990 sand nourishments were used to counteract erosion. Locally, these erosion-control measures have certainly been successful in retaining the shoreline positions. However, the cumulative effect of numerous small-scale interventions might also have impacted the long-term behavior of the Wadden Sea. As the basin and barrier dimensions are basically fixed in position, the effects of sea-level rise now have to be resolved within the fixed dimensions of the Wadden Sea. The historically observed roll-over mechanisms of landward barrier and coastline retreat (Van Straaten, 1975; Flemming & Davis, 1994; Van der Spek, 1994 ) cannot be sustained naturally. It is unlikely that the sediments needed to regain equilibrium can be delivered by the remaining ebb-tidal deltas. Unless sufficient sediment is delivered to let the system accrete in place, permanent drowning of large parts of the intertidal basin is to be expected. Besides, it is uncertain whether sediment transport capacity in the inlets is sufficient.
Implications for the future
The Wadden Sea is considered to be one of the last large tidal regions where natural forces have free reign without a dominating influence from human activities. However, for sustainable management of the Wadden Sea system in the future it is important to recognise that natural processes can now only reign free within fixed boundaries. Multiple large-and smallscale interventions have basically fixed the basin and barrier dimensions. On the gross scale, the Wadden Sea has proven resilient to these interventions and sea-level rise, as only little has changed in main inlet and basin characteristics between the 1925 and 2005 bathymetry. The large continuous sedimentation in the tidal basins (over 600 million m 3 ) and similar inlet and channel-shoal characteristics seem to indicate that the Wadden Sea can import sediment exceeding the present rates of relative sea-level rise given sufficient sediment supply. A major constraint however is future sediment availability. At present much of the basin infilling is supplied by the ebb-tidal deltas (Texel Inlet in particular) that are limited in size and rapidly reducing in volume. Increased coastal and barrierisland erosion is to be expected. Repeated beach and shoreface nourishment and optional ebb-tidal delta nourishment to mitigate erosion, adding to the sediment budget of both islands and basins, might be used to sustain sufficient sediment availability, allowing the natural system to respond to future sea-level rise. Without future human intervention it is unlikely that the adjacent barriers and coasts can supply sufficient sediment to regain and keep the Wadden Sea in dynamic equilibrium to relative sea-level rise.
